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Abstract

Introduction

An electron microscopic study of heart muscle tissue
exposed to six hours ischemia and prepared according to
the low denaturation embedding technique revealed a
structural modification confined to the mitochondrial
cristae. The modification consisted of a removal of
Krebs cycle enzymes from the cristae. Reperfusion of
the ischemic tissue after four hours ischemia led to
extensive breakdown of the mitochondrial structure and
contractility could not be restored. However, when after
six hours ischemia the ischemic tissue was reperfused
with blood, the composition of which had b~.en modified
to stimulate mitochondrial function, no additional structural changes were observed and contractility was
restored. The structural damage caused by reperfusion
with non modified blood is explained by a loss of control of plasma membrane permeability caused by impaired ATP production which makes the ionic composition
of the cytosol approach that of blood plasma, stopping
oxidative phosphorylation. A treatment to restore heart
muscle function after long periods of ischemia and after
heart transplantation is proposed. The structural damage
revealed that the Krebs cycle and the respiratory chain
enzymes are associated according to a regular periodic_
pattern and that the enzyme molecules are closely aggregated three-dimensionally. Earlier electron microscopic
studies revealing massive structural deterioration of heart
muscle cells already after 45 to 60 minutes ischemia
leading to the conclusion that the cells are irreversibly
damaged, is based on fixation artifacts caused by
osmium fixation.
This study has been carried out in collaboration with
the research team of Gerald D. Buckberg at the Thoracic
Surgery Division at University of California at Los
Angeles.

The research reviewed here illustrates how a structural analysis, pursued at a molecular level can pinpoint
a cell function that is impaired by a pathological condition, whereby a rationale for treatment can be established. The research was conducted in collaboration with
the research team of Dr Gerald Buckberg at the Thoracic Surgery Division at University of California at Los
Angeles. Dr Buckberg's group is, since several years,
involved in experimental studies of the effect of ischemia
on heart muscle tissue and in developing ways to restore
the function of the tissue after long periods of ischemia.
The author's role was confined to an electron microscopic analysis of samples of the heart muscle tissue.
There are different views regarding the length of
time the heart muscle tissue can tolerate ischemia. It is
generally accepted that 40 to 90 minutes ischemia leads
to irreversible changes and cell death. Electron microscopic analysis of ischemic heart muscle tissue fixed
with osmium tetroxide revealed massive cell destruction
and has contributed to this conclusion (Reimer and
Jennings, 1979; Jennings et al., 1960; Herdson et al.,
1965).
The structural changes that are considered to characterize ischemic heart muscle involve primarily the mitochondria and the sarcolemma, while changes of the sarcoplasmic reticulum have been inconsistent (Schaper et
al., 1979).

About Recognizing Faxation Artifacts
In the 1950's when the thin sectioning technique had
been refined to allow a systematic study of the structure
of cells at the ultrastructural level, electron microscopists w~re much concerned about artifacts caused by the
preparatory technique. Thus, the structure of cells in
the same piece of tissue and in the same electron micrograph could vary considerably and it was therefore important to establish what was normal structure and what
structural features were distortions caused by osmium
fixation.

Key Words: Ischemia, heart, low denaturation embedding tissue fixation, mitochondria, Krebs cycle, tricarbolic acid cycle, respiratory chain, heart transplantation, zig-zag cristae, osmium artifacts.
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<lures on a theoretical basis, eliminating subjectivity, and
it is also possible to some extent to theoretically predict
the effects on cell structure of, for instance, osmium
fixation.
For the theoretical deduction, it is necessary to consider the chemically most important components of the
cell structure. Protein molecules constitute the dominant
material and with few exceptions they have a globular
conformation with the polypeptide chains tightly folded.
This conformation is very labile and is imposed thermodynamically by the aqueous environment in the cells. A
change of the environment or the exposure to a fixative
denatures the proteins with a more or less extensive unfolding of the polypeptide chains. As a consequence,
the molecules expand, leading to a modification of the
cell structure as seen in the electron microscope.
Osmium tetroxide denatures proteins (Lenard and
Singer, 1968) with the formation of a protein gel
(Fischer, 1899) revealing an extensive unfolding of the
polypeptide chains (Sjostrand, 1989). In contrast to
other denaturing agents, osmium tetroxide does not make
the proteins insoluble and consequently no precipitate,
coagulum, is formed. On the contrary, the solubility of
the proteins is increased (Bahr, 1955) and an observation
made by Falck and Falt (1969) shows that even lipids
become water soluble.
Because of expansion of the protein molecules, followed by extraction and dislocation of solubilized molecules, the relative mass density distribution in cells is
changed extensively, distorting the very basis for observing the cell structure in the electron microscope. The
denaturing organic solvent used for dehydration precipitates the osmium stained and already denatured proteins,
whereby remnants of the original cell structure left after
osmium fixation, are stabilized. It is remarkable that so
much useful information regarding the structure of cells
at the ultrastructural level has still been possible to extract from the highly modified structure.
To avoid distortion of cell structure, preparatory
methods have been designed which do not cause extensive denaturation of proteins and do not extract lipids.
For instance, freeze-fracturing per se does not lead to
protein denaturation, provided the freezing has occurred
without the formation of ice crystals. However, protein
molecules and particularly aggregates of protein molecules can be distorted mechanically during fracturing,
and protein molecules can splinter off from the fracture
face and become dislocated.
The low denaturation embedding technique that was
developed in the 1960's by Sjostrand and Barajas (1968)
makes use of the fact that protein denaturation is a diffusion phenomenon (Sjostrand, 1990ab). The more or
less extensive unfolding of the polypeptide chains occurring during denaturation with consequent expansion of

With this aim, the effects of aging the tissue by delaying fixation were studied systematically in the author's laboratory on all tissues being examined. It was
assumed that storing the tissue some time after the death
of the experimental animal before fixation would create
unfavorable conditions for fixation and would, therefore,
enhance distortions caused by the preparatory procedure.
It was found that the mitochondria are extremely
sensitive to delaying the fixation, and they were considered to be good indicators of the quality of structural
preservation in general (Sjostrand, 1957). The mitochondria easily swell making the matrix appear empty
and cristae disappear. According to Zetterqvist (1956),
the volume of mitochondria in intestinal epithelium cells,
as measured on the fixed and embedded tissue, almost
doubled within three minutes after the animal had been
sacrificed. The structural perturbation of mitochondria
caused by aging was illustrated (Sjostrand, 1956).
Swelling of cells and breakage of the plasma membrane with the formation of vesicles were common structural modifications and Maunsbach (1966) showed that
plasma membrane disruption could occur even in tissues
that had been fixed with osmium tetroxide under favorable conditions.
These are a few examples of structural variants that
could appear after osmium fixation under favorable conditions and the fact that they appeared more frequently
in aged tissues than in tissue that had been fixed fresh
led to the conclusion that they were fixation artifacts,
enhanced by post mortem conditions.
As a consequence, it was recommended to fix a few
tenths of a millimeter thick tissue slices within 60 seconds after the experimental animal had been sacrificed
(Sjostrand, 1967). Good preservation was then found
within a 40 µ.m wide zone at the surface of the tissue
slices (Rhodin, 1954). In fact, the requirement that the
tissue should be fixed fresh limited the use of the electron microscope for studying human tissues because even
biopsies were found to be poorly preserved (Pease,
1960).
What was established to be artifacts by using this
approach is very similar to the structural perturbation
described as caused by ischemia in heart muscle tissue.
To exclude that fixation artifacts have been mistaken as
real effects of ischemia, it is required to use a preparatory procedure which itself does not cause this kind of
artifacts.

A Theoretical Basis for Tissue Preparation
Fixation with osmium tetroxide is one of many fixation methods that have been developed empirically on
the basis of a subjective evaluation of the result. However, today it is possible to develop preparatory proce-
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Figure 1. Isolated heart muscle mitochondrion, low denaturation embedding. The faint staining of the crista proteins
make the 25 nm thick cristae appear in negative contrast thanks to the more intense staining of the matrix content. Bar
= 0.1 µm. From Sjostrand (1977).

the molecules is due to diffusion of the amino acid residues with the peptide bonds restricting the mobility and
thereby slowing down the diffusion.
The rate of diffusion of molecules decreases with
increasing mass of the molecules, and also decreases
with increasing viscosity of the medium until diffusion
(and consequently denaturation) is practically stopped at
a high viscosity (Douzou, 1977). Brief crosslinking with
glutaraldehyde slows down diffusion of the polypeptide
chains both by the crosslinking restricting the mobility
of the amino acid residues and by increasing the mass of
the diffusing parts of the polypeptide chains. By using
a highly viscous embedding medium the diffusion is
slowed down to such an extent that the protein molecules

tolerate embedding without losing their globular conformation.
However, this preparatory technique is associated
with several problems. One concerns the contrast,
which is low, and the electron microscopic examination
of the specimens is therefore technically considerably
more difficult than examination of conventionally prepared high contrast specimens. The pictures have some
resemblance to pictures of negatively stained isolated
protein molecules in drop preparations, in which case a
very faint positive staining of the molecules is drowned
by the high negative contrast contributed by the dried
solid stain.
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Figure 2 (above) . Mitochondria with zig-i.ag cristae in
the center of the ischemic region after six hours blocking
of the blood flow . This is the state 1 modification of the
crista structure. Bar = 1 µm .
Figure 3 (at left) . Zig-i.ag cristae and cristae that have
partially fused to form a honeycomb-like pattern, the
state 2 modification of the crista structure. Bar = 0.1
µm.

In tissues prepared according to the low denaturation
embedding technique, the proteins are stained equally
faintly but no precipitate of solid stain contributes to the
contrast. Only differences in opacity caused by positive
staining accounts for the contrast. The faint staining of
protein molecules in their globular conformation as
shown in negatively stained drop preparations makes
protein rich structures, such as the mitochondrial cristae,
appear very faintly stained. However, the cristae are
clearly revealed, thanks to a more intense staining of the
1044
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Figure 4. Cristae broken-down into 30-45 nm particles in ischemic region after reperfusion with blood. The blood
flow to the ischemic region was blocked for four hours before reperfusion. This is the state 3 modification of the crista
structure. Bar = 0.1 ~m.

modifications can be translated into functional impairment, which represents the ultimate aim of morphological analysis of pathologically modified tissues.

matrix, which contains no large protein molecules
(Sjostrand, 1983, 1990b). The cristae therefore appear
in negative contrast (Figure 1). The fact that the electron micrographs depict the structure at a molecular
level make them differ considerably in appearance from
pictures of osmium fixed tissues.
The advantage of observing the structure at the molecular level is the possibility to translate the information
contained in the pictures into the molecular structure of
cellular components. This way pathological structural

Low Denaturation Embedding of
Ischemic Heart Muscle Tissue
Samples of ischemic heart muscle tissue were briefly crosslinked with glutaralqehyde and embedded according to the low denaturation embedding technique. In
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Figure 5. Partial breakdown of cristae into 30-45 nm particles in the ischemic region located in the anterior wall of
the left ventricle after reperfusion with blood (four hours ischemia). The picture was intentionally chosen to show
various states of crista breakdown as shown in different mitochondria in the picture. Bar = 0. 1 µm.
The mean percentage of electron micrographs in which any normal appearing cristae were present at all was only
9.5%, 7.9% and 44% in the endocardial, midmyocardial and the epicardial regions, respectively, in blood reperfused
tissue that had been maintained ischemic for four hours by blocking of the blood flow . The corresponding percentages,
after six hour ischemia and reperfusion with modified blood, were 100% for the epicardial and midmyocardial regions
and 93 % for the endocardial region. After six hours ischemia without reperfusion, the corresponding percentage was
96 % for all three regions.
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parallel, other samples were double fixed with glutaraldehyde and osmium tetroxide and embedded the conventional way after dehydration with acetone. The samples
were collected from a large transmural ischemic region
located in the anterior wall of the left ventricle of dog
hearts. Jschemia was caused by clamping, for four or
six hours, the left descending coronary artery just distal
to the first diagonal branch.
Examination of the osmium fixed and conventionally
embedded tissue in the electron microscope confirmed
the extensive cell damage reported earlier by other researchers. However, no such structural changes were
observed in the low denaturation embedded tissue.
Structural changes of a different kind were confined to
the mitochondrial cristae.
Figure 2 shows the structure of mitochondria located
in the center of the transmural ischemic region after six
hours blocking of the blood supply . Some of the normally plane parallel cristae have changed to reveal a zigzag pattern in profile view. The zig-zag of the cristae
within each mitochondrion are in perfect register with a
space of constant width separating adjacent cristae. A
honeycomb-like pattern also appeared which is explained
by the zig-zag cristae being arranged out of phase making the tips of the zig-zag of adjacent cristae fuse
(Figure 3).
A dissociation of the cristae into randomly distributed particles measuring 30 to 45 nm in diameter constituted a third mode of structural modification (Figures 45) .
Mitochondria with structurally modified cristae were

Figure 6 (above, across both columns). Mitochondria
in which the cristae have disintegrated into 30-45 nm
particles and in addition, within the dark areas, these
particles have broken-down further. This is the state 5
modification of the crista structure. Bar = 0.1 µm.
Figure 7 (below, in left column) . Mitochondrion with
one crista with an intracristal space containing a stained
homogeneous material, representing state 4 modification
of the crista structure. Bar = 0.1 µm.
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Quantitative Evaluation of Mitochondrial Damage

Table 1: Quantitative Evaluation of Mitochondrial
Damage (mean values) (from Sjostrand et al., 1986)
Epicardium

Midmyocardium

"Control" •

0.5 ± 0.2 0.7 ± 0.1

0.8 ± 0. 1

Jschemia, 6 hrs
Posterior wall,
left ventricle
(unoccluded)

0.8 ± 0.1

0.7 ± 0.1

0.9 ± 0.1

Anterior wall,
left ventricle
(ischemic region) 1.2 ± 0.1

1.3 ± 0.2

2.0 ± 0.3

Reperfusion
6 hrs ischemia,
modified blood

1.3 ± 0.1

1.5 ± 0.1

1.9

± 0.3

4 hrs ischemia
non-modified
blood

2.8

± 0.3

3.4

± 0.2

± 0.2

3.7

As will be discussed below, reperfusion of ischemic
tissue with blood led to more extensive perturbation of
the crista structure, and new modes of crista modification appeared. Local disappearance of the 30-45 nm
particles and appearance instead of particles of molecular
dimensions within dark areas revealed a further breakdown of the crista structure (Figure 6). One or a few
cristae, with an intracristal space of uniform width and
filled with stained material, could be present among randomly distributed 30-45 nm particles (Figure 7). With
the exception of the latter structural modification, the
changes of the crista structure can be arranged objectively according to a sequence of increasing breakage of intermolecular bonds responsible for the normal association of the protein molecules in the cristae, and on the
basis of this sequence, the extent of structural damage
was determined quantitatively.
As will be described below, the zig-zag cristae appear because of a limited loss of protein molecules from
the cristae. This is the state 1 modification. The honeycomb-like pattern can be explained by further breakage
of intermolecular bonds leading to a change of the surface charges, which maintain the zig-zag cristae separated by a space of constant width by electrostatic repulsion. This is the state 2 modification.
Dissociation of the cristae into randomly distributed
30-45 nm particles is the consequence of considerably
more extensive breakage of intermolecular bonds and is
the state 3 modification. Local disappearance of the 30··
45 nm particles, and the appearance of smaller particles,
reflects a further breakage of intermolecular bonds leading to a disintegration of the 30-45 nm particles. This
should represent the state 4 modification; however, the
appearance of intracristal spaces filled with stained material, which is a modification that cannot be related to the
other states by breakage of intermolecular bonds, was
somewhat arbitrarily assigned state 4 because these cristae appeared in mitochondria in which cristae had extensively disintegrated into 30-45 nm particles but had not
broken down into smaller particles. This breakdown
was therefore assigned state 5. In practice, changing the
sequence of these two states did not affect the quantitative evaluations. Cristae with a normal appearance
were assigned state 0.
Using this scale, the severity of the structural
damage was determined simply by identifying what
states from 0 to 5 were represented in each electron
micrograph and by dividing the sum of the observed
states by the number of states. This average represented
in a rough way the severity of the damage as revealed in
the individual electron micrographs.

Endocardium

•Hearts from dogs used to collect blood by slow
bleeding.

------------------------------always mixed with mitochondria in which the cristae appeared normal, and normal and modified cristae were
often mixed in the same mitochondrion. Cristae with a
normal appearance dominated.
This limited structural perturbation does not allow
the conclusion that heart muscle cells are irreversibly
damaged and dead, and the tissue necrotically degenerated by ischemia. Because it is excluded that the low
denaturation embedding technique restores to almost normal the structure of cells that has been extensively damaged, it is concluded that the cell damage that has been
accepted earlier as real damage caused by ischemia is artifactual and is caused by osmium fixation. This effect
of osmium fixation is explained by the conditions for
fixation changing during ischemia with a consequent enhancement of fixation artifacts much the same way aging
of the tissue was shown to increase the risks for
artifacts.
The analysis did not involve calcium distribution
which requires application of analytical methods in
electron microscopy. There was no morphological evidence indicating an accumulation of calcium in the mitochondria during ischemia.
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Figure 8. Mitochondria in the posterior wall of the left ventricle of dog heart after the blood supply to a large
transmural region in the anterior wall bad been blocked for six hours showing the zig-zag cristae in the mitochondria.
The periodicity of the zig-zag varies with the orientation of the cristae relative to the direction of sectioning because
of plastic deformation ("compression"). Only cristae oriented perpendicular to the direction of sectioning therefore
reveal the true periodicity of the zig-zag pattern and only cristae oriented parallel to the direction of sectioning reveal
the true amplitude of the zig-zag pattern. Bar = 0.1 µm. From Sjostrand et al. (1988).
Figures 2-8 are from electron micrographs of about 80 nm thick routine sections, prepared for the quantitative
evaluation of the structural damage of the mitochondria. Lack of funds prevented extending the analysis to a higher
resolution, which requires analysis of sections that are only 10 to 20 nm thick when studying low contrast specimens.
Iron micrographs were therefore examined for evaluating
each heart. With twenty to forty mitochondrial profiles
in each electron micrograph, depending upon the electron optical magnification, the evaluation was based on
examining five hundred to one thousand mitochondrial
profiles per heart in random pictures of randomly sampled pieces of tissue.
Applying this procedure to evaluate the damage of
the mitochondria (Sjostrand et al., 1986), it was established that in control hearts from dogs used for collection of blood by slow bleeding, the values varied between 0.5 and 0.8 for the three myocardial regions.
After six hours ischemia the corresponding values were
0.7 to 0.9 for tissue collected from the posterior wall of
the left ventricle, that is, far away from the ischemic
region, and 1.2 to 2.0 for tissue collected from the center of the ischemic region in the anterior wall of the
same hearts (Table 1).

The quantitative evaluation can be refined, for instance, by counting the number of mitochondria with
normal and with modified cristae in each electron micrograph, or by counting the number of normal and modified cristae in each mitocbondrion, and use the ratios as
indicator of damage. However, no such refinement was
found necessary.
The specimens were collected from the epi-, endoand midmyocardial region. Three randomly selected
pieces of tissue from each region were sectioned and
three electron micrograpbs of sections from each piece
of tissue were taken randomly by moving the microscope
stage according to a predetermined pattern as soon as an
edge of a section bad been identified. The evaluation of
the electron micrograpbs was made blindly without
knowledge of the experimental conditions. Nine electron micrograpbs were used for the evaluation of structural damage within each region and twenty-seven elec1049
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ischemia, normal cristae were only rarely seen in the
pictures of blood reperfused tissue after four hours ischemia (see Figure 5 legend). A refined method for quantitative evaluation of the crista damage, involving a
counting of mitochondria with normal cristae, therefore,
made the difference between six hours ischemia without
reperfusion and four hours ischemia with blood reperfusion considerably more extensive.
After reperfusion with blood after four hours ischemia the ischemic tissue did not regain contractility.
The abolishment of contractility correlates well with the
severe breakdown of the crista structure.
When the blood used for reperfusion of the ischemic
tissue was modified primarily to stimulate mitochondrial
function the catastrophic effects of reperfusion was prevented even after six hours ischemia. The modification
of the blood composition involved the addition of glutamate and aspartate to furnish substrate for Krebs cycle
enzymes, and thereby, activate oxidative phosphorylation
and ATP production. Addition of coenzyme Q 10 aimed
at compensating for eventual loss from the mitochondria
during ischemia. Mercaptopropionylglycine was added
to stimulate ATP/ADP translocase activity, and thereby,
ATP/ ADP exchange between mitochondria and cytosol.
Glucose, together with insulin and potassium chloride,
were added to increase glucose uptake (Allen et al.,
1986).
The quantitative evaluation of the crista damage
gave values ranging from 1.3 and 1.9 for the three myocardial regions (Table 1), which means that reperfusion
in this case did not cause any significant further change
of the crista structure. In these experiments, the contractility of the ischemic tissue was restored, which
shows that heart muscle tissue can remain viable after
six hours blocking of the blood supply to the tissue. It
can therefore be concluded that six hours ischemia per
se does not lead to irreversible damage of the heart
muscle tissue.
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Figure 9. Frequency distribution of the periodicities of
the zig-:zag cristae. From Sjostrand et al. (1988) .

Reperfusion of Ischemic Tissue
According to studies in other laboratories, reperfusion of the ischemic tissue with blood leads to a more
extensive breakdown of the cell structure than the damage caused by ischemia per se as judged from studies of
osmium fixed tissue (Kloner et al. , 1974; Jennings and
Reimer, 1983; Schaper and Schaper, 1983). This additional perturbation of the cell structure is considered to
reveal that reperfusion speeds up the necrotic degeneration of the already irreversibly damaged tissue.
In low denaturation embedded material (Sjostrand et
al. , 1986) it was established that reperfusion with blood
after four hours ischemia led to extensive modification
of the crista structure, but the structural perturbation still
was confined to the cristae. States 3, 4, and 5 were
commonly present with state 3 dominating . The quantitative evaluation of the crista damage resulted in values
varying between 2. 8 and 3. 7 after reperfusion with
blood after four hours ischemia (Table 1).
While mitochondria with normal cristae were present in almost all electron micrographs after six hours

The Zig-Zag Cristae
Analysis of samples collected from the posterior
wall of the left ventricle in hearts with local ischemia in
the anterior wall showed that 85 to 90 % of the mitochondria contained zig-:zag cristae (Figure 8). This high
percentage of mitochondria with zig-:zag cristae made it
possible to establish the geometrical basis for the zig-:zag
appearance.
It is excluded that the zig-:zag is a consequence of
folding of the cristae. This becomes obvious when realizing that the zig-:zag pattern is a projection of a ribbonshaped part of the cristae with the width of the ribbon
corresponding to the thickness of the section. A folded
ribbon gives rise to a zig-:zag projection with maximal
1050
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Figure 10. The two orientations of the sections relative to the tetragonal arrangement of the elevated regions on both
surfaces of the crista explaining the observed two maxima shown in Figure 9.
make all cristae fuse to a continuous mass in more than
50 % of the mitochondria if the cristae were folded .
The zig-zag can therefore not be explained by the
cristae being folded.
Only the projection of circumscribed elevated regions, distributed according to a regular geometrical pattern on the two crista surfaces can then cause the zig-zag
pattern. The periodicity of the zig-zag pattern varied
within a range from 70 to 125 nm with two distinct
maxima at 85 and 120 nm (Figure 9). These maxima
differ by a factor of the square root of two , which is the
difference between the length of the sides and the diagonals of a square. The two maxima therefore reveal that
the elevated regions on the two surfaces of the cristae
are distributed according to a tetragonal pattern and are
projected in the images either perpendicular to the sides
or to the diagonals of the squares (Figure 10).
The symmetry of the zig-zag pattern requires that
the elevated regions on one surface are located at the
level of the cross points of the diagonals between the
elevated regions on the opposite surface. The zig-zag
cristae, therefore, reveal a long range ordered structure
involving the entire cristae. Figure 11 shows a model illustrating the deduced geometry of the zig-zag cristae.
The dimensions of the zig-zag pattern shows that the
structural order involves the protein molecules of the
cristae.

amplitude of the zig-zag when the folds are oriented perpendicular to the projection plane. When the angle of
projection deviates increasingly from 90°, the folds are
projected more and more superimposed, until at a certain angle, the folds are projected completely superimposed and no zig-zag is seen. The angle at which this
occurs depends on the relationship between the spacing
of the zig-zag and the width of the ribbon. In the case
of a single ribbon with spacing and width being the
same, the folds will be projected completely superimposed at angles below 45° . However, when there are
several folded ribbons arranged in parallel with the zigzag of adjacent ribbons, interdigitating the zig-zag will
disappear at angles larger than 45 °, and the statistical
probability to see the zig-zag is considerably less than
50%.
In the mitochondria the spacing of the zig-zag is the
same as the thickness of the sections. Furthermore, the
zig-zag contours interdigitate extensively and the tips of
the zig-zag are rounded off. Under these conditions, a
zig-zag pattern would be seen in much less than 50 % of
the mitochondria if the cristae were folded and not in
85-90%. In the case of a folded ribbon, the amplitude
of the zig-zag will vary randomly down to zero amplitude when viewed at different angles. The amplitude of
the zig-zag of the cristae varied between 45 and 79 nm.
The interdigitation of the zig-zag of the cristae should
1051
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stance, by the association of the subunits of oligomeric
enzyme molecules, which have been extensively studied
by X-ray crystallography.
The specific nature of the recognition and binding
areas is determined by the amino acid side chains that
are exposed, by the pattern according to which they are
distributed, and by the topography of the surface, which
should be complementary to that of the partners.
The distribution of amino acid side chains is determined by the amino acid sequences of the involved polypeptides, which, in the native conformation, also determines the topography of the surface of the molecules.
The properties of the recognition and binding areas
can differ in two ways. Either non-polar side chains
dominate making the surface hydrophobic, or instead
charged and polar amino acid side chains are exposed
extensively. In the first case hydrophobic surfaces will
associate to reduce the exposure of non-polar groups to
water, the covering up of these groups being thermodynamically favorable. The non-polar nature of the surfaces and their dimensions, together with the surface
topography, contribute to the recognition of the molecules, and intermolecular hydrogen bonds between proton donors and acceptors distributed in a complementary
way on the surfaces account for stabilization of the
association.
To bring these proteins into solution, the situation
must change from a thermodynamic point of view, for
instance, by the addition of a detergent to the extraction
medium.
In the second case the interaction between charged
amino acid side chains with the proper location will contribute both to recognition and bonding. Solubilization
in this case, can occur, for instance, when the extraction
medium contains enough inorganic ions to compete for
binding to the charged amino acid side chains, loosening
the intermolecular bonding. A proper pH of the extraction medium can also contribute to solubilization.
In this second case, the protein molecules are water
soluble, and in the case of mitochondrial proteins, are
referred to as "soluble proteins" in contrast to other proteins that require a detergent for solubilization.
The importance of retaining the proper surface properties at the recognition and binding areas is reflected by
the extent to which the amino acid sequence is conserved
during the evolution which may be higher than the conservation of the sequence determining the amino acids
exposed at the catalytic site of the enzyme.
To establish the proper amino acid sequences for
recognition and binding of such a large number of different types of molecules associated in a specific way in
the cristae, appears to require a long evolutionary process and cannot be achieved by exposing the tissue to
ischemia, or by ischemia in a region located far away
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Figure 11 . Model showing the deduced crista configuration explaining the zig-zag projections of the cristae.
From Sjostrand et al. (1988).
Molecular Basis of the Zig-Zag Pattern
Because protein molecules account for 80 % or more
of the dry weight of the cristae, the change from a plane
parallel to a zig-zag shape requires a modification of the
arrangement of the protein molecules. The periodic,
regular nature of the rearranged protein molecules reveals that protein molecules are arranged according to a
regular pattern and that the structural order involves the
entire cristae. One and the same pattern of molecular
arrangement is monotonically repeated through the entire
cristae. The repeat period of this pattern is large enough
for the period to include a large number of molecules of
different shapes and dimensions. Such a regular periodic arrangement of the protein molecules requires that
each molecule associates with the same partners within
the entire cristae. Each molecule must, therefore, be
able to recognize the proper partners and to establish
intermolecular bonds stabilizing the association.
Each protein molecule must expose several areas at
its surface that can recognize the partner molecules and
each area must expose amino acid side chains that can
contribute intermolecular bonding as illustrated, for in1052
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from the posterio~ wall of the left ventricle. The zig-zag
transformation of the cristae therefore reveals a structural feature, which in normal mitochondria is masked.
The structural order cannot be created by ischemia. It
is masked in normal cristae because we lack a method to
reveal individual enzyme molecules in an aggregate of
protein molecules. Thus, to observe an ordered arrangement of enzyme molecules in a fracture that bas passed
through a normal crista in connection with freeze-fracturing, it would be necessary, first, that the fracture
passes between the molecules in such a way that the
shape and dimension of the molecules is revealed, and
second, that we know the shapes of the enzyme molecules well enough to be able to recognize them irrespective of their orientation in the fracture face.
The first condition is not satisfied because the
fracture does not discriminate between boundaries at
polypeptide subunits and boundaries at molecules because the forces acting across the boundaries are of the
same nature and therefore of similar strength. The second condition is partially satisfied only in the case of
cytochrome oxidase. Cytochrome c does not have a
shape which is characteristic enough to distinguish it
from other polypeptides.
For an analysis of the significance of the zig-zag
structure it is necessary to consider the normal structure
of the cristae, the biochemistry of mitochondria and the
physical chemical aspects of intermolecular bonding
mentioned above. The normal structure of the cristae
has been revealed by applying all available preparatory
procedures that do not cause extensive denaturation of
proteins. The cristae are 25 nm thick and the two cristae membranes are closely apposed. In addition, the
structure of the crista membranes differs from that of the
two membranes located at the surface of the mitochondrion, and there are no large protein molecules present
in the matrix (Sjostrand and Barajas, 1968; Sjostrand
and Cassell, 1978a,b; Sjostrand and Bernhard, 1976;
Sjostrand, 1977, 1983, 1990b, 1991). With the exception of a relatively small amount of protein molecules
associated with the two surface membranes, the mitochondrial protein molecules including the "soluble proteins" are therefore located in the cristae, accounting for
their thickness. It was estimated that proteins account
for about 80 % of the dry weight of the cristae.
The molecular weights, and in several cases, the
known dimensions of mitochondrial enzyme molecules
relative to the thickness of the cristae, reveal that the
cristae consist of a three-dimensional aggregate of
enzyme molecules.
Biochemically, two basic enzyme systems can be
distinguished in the mitochondria: the Krebs cycle (tricarboxylic acid cycle) and the respiratory chain. While
extraction of the respiratory chain enzymes requires an

Figure 12. The zig-zag cristae can be conceived of as
consisting of a plane parallel core plate, indicated by the
two lines, and of elevated regions extending from the
two surfaces of the core plate. From Sjostrand et al.
(1988).
addition of detergent to the extraction medium, most
Krebs cycle enzymes are soluble proteins, and are solubilized by extraction media that interfere with electrostatic interaction between the protein molecules. The
difference in solubility shows that respiratory chain enzymes are hydrophobically bonded while electrostatic interaction dominates in the association of the Krebs cycle
enzymes.
The zig-zag cristae can be conceived of as consisting of a plane parallel core plate with the elevated regions extending from the two surfaces of the core plate
(Figure 12). Because the core plate is considerably thinner than the normal cristae, material must have been lost
from the region extending between the elevated regions.
It was estimated that about 30 % of the removed material
had become deposited secondarily at the elevated regions, correspondingly increasing their height. The high
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concentration of protein in the cristae makes it obvious
that the lost material consists of protein molecules, and
the loss is extensive enough to include Krebs cycle
enzymes.
Ischemia causes changes in the composition of the
cytosol, for instance, because of accumulation of lactic
acid as a consequence of anaerobic metabolism. The
consequent change of the mitochondrial environment can
destabilize the association of water soluble Krebs cycle
enzymes in a way comparable to the action of an extraction medium, but it is unlikely that the change can cause
a dissociation of a thermodynamically imposed aggregate
of protein molecules.
It is therefore concluded that the difference in the
solubilities of Krebs cycle and respiratory chain enzymes
has led to a dissection of the cristae at a molecular level.
The dissection has revealed that groups of respiratory
chains are aggregated to form domains, respiratory chain
domains, which are distributed according to a tetragonal
pattern within each crista membrane. These domains
are surrounded by Krebs cycle enzymes, structurally organized within a continuous Krebs cycle domain
(Sjostrand, 1983, 1990b, 1991).
This molecular organization of the cristae has been
arrived at by a logical combination of information contributed by the structural analysis, by biochemical analysis and physical chemistry. It has not been necessary to
supplement the information with assumptions. The deduction therefore cannot be classified as a mere speculation or a hypothetical excursion.

tural damage involving the Krebs cycle enzymes. Because this damage was revealed by the structural analysis, the restoration of normal function shows that it is
the breakdown of the ordered aggregated state of the
Krebs cycle enzymes that has led to the impaired function. This state of the enzyme molecules therefore
offers conditions required for the enzymes to function at
full capacity, revealing an important aspect of the biochemistry of complex multienzyme systems.
The Key Role of Mitochondria

A low ATP production combined with a change of
the composition of the cytosol caused by anaerobic glycolysis during ischemia will affect several cell functions
directly. For instance, the low supply of ATP will shut
off or severely impair active transport mechanisms controlling plasma membrane permeability and calcium sequestering in the sarcoplasmic reticulum. The restoration of contractility after six hours ischemia, when the
tissue was reperfused with modified blood, shows that
the heart muscle cells had regained control of plasma
membrane permeability and of calcium distribution within the cells because obviously, this is a requirement for
contractility. Mitochondrial function must therefore
have been restored sufficiently to supply the required
ATP. If the plasma membrane or the sarcoplasmic reticulum have been damaged during ischemia, the damage
must have been reversible.
On the other hand, the fact that the tissue did not
regain contractility when reperfused with non-modified
blood is likely to reflect an insufficient production of
ATP, which can be related to the extensive breakdown
of the crista structure.
The dependence of cell function and of the repair of
cell damage on the availability of ATP makes the mitochondria play a key role for the survival of heart muscle
cells, irrespective of what primary cell damage, functional or structural, may be caused by ischemia extended
over long periods of time.

Functional Impairment of Mitochondria Associated
with the Appearance of the Zig-Zag Cristae

According to the concept of a relationship between
structure and function the breakdown of the crista structure involving a displacement of Krebs cycle enzymes
should impair mitochondrial function by reducing the capacity of the Krebs cycle to supply hydrogen to the respiratory chain dehydrogenases. Such a damage can be
compensated for by supplying substrate to keep at least
some Krebs cycle enzymes active without requiring participation of the entire cycle.
The experiments of Beyersdorf et al. (1989a, b)
showed that the function of the posterior wall of the left
ventricle was impaired as a consequence of the large
ischemic region located in the anterior wall. Intravenous
infusion of a solution containing substrate to activate
Krebs cycle enzymes restored normal function. The
solution contained the same components as those used to
modify the blood for reperfusion of the ischemic tissue
in the experiments reviewed above.
The restoration of normal function links the impaired function of the heart muscle tissue to the struc-

The Basis for the Modifications
of the Crista Structure
The cristae are in contact with the aqueous matrix
fluid, the composition of which obviously prevents a solubilization of the soluble crista proteins. Extraction of
the soluble proteins therefore requires that the composition of the matrix fluid is changed, approaching that of
the extraction medium.
Because the matrix communicates with the cytosol
across the two mitochondrial surface membranes,
changes of the composition of the cytosol will cause
changes of the composition of the matrix fluid. The
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tricle in the presence of a large transmural ischemic region in the anterior wall, may also be caused by a lowered oxygen tension in the tissue caused by the large
non-contracting ischemic region distorting extensively
the contractions of the heart and changing the pressure
gradients within the blood vessels in such a way that the
blood circulation through the posterior wall is impaired
with a lowering of the oxygen pressure in the tissue as
a consequence.
The common cause of the crista transformation may
then be a lowered oxygen tension, leading to anaerobic
or partially anaerobic glycolysis.
The reduced production of ATP caused by anoxia
leads to an uncontrolled exchange of, for instance, inorganic ions between the cytosol and the extracellular
space. However, as long as the blood flow is blocked,
this exchange will contribute little to changing the composition of the cytosol because of the small volume of
the extracellular space and of the capillary bed. A lowered oxygen tension will therefore be the predominant
change affecting the composition of the cytosol, which,
for instance, leads to an accumulation of lactic acid.
In contrast, when the tissue is reperfused with
blood, which continuously replenishes the extracellular
space with its normal constituents, the uncontrolled exchange of inorganic ions across the plasma membrane
will make the composition of the cytosol approach that
of the extracellular fluid . Such a change may in itself
be deleterious to mitochondrial function, because isolation of mitochondria in saline with a composition mimicking that of the extracellular fluid abolishes oxidative
phosphorylation. A medium containing predominantly
sucrose has consequently become a standard medium
when preparing mitochondrial fractions.
The catastrophic effects of reperfusing ischemic tissue with blood can therefore be explained by an extensive change of the composition of the cytosol, caused by
uncontrolled influx of, for instance, sodium ions and
loss of potassium ions. This change of the mitochondrial environment causes a further breakdown of the
mitochondrial structure, and consequently, more extensive functional impairment.

release of protein molecules from the cristae leading to
the zig-z.ag cristae, and the extensive breakage of intermolecular bonds leading to the transformation of the
cristae into 30-45 nm particles, is therefore explained by
changes in the composition of the matrix fluid, secondary to changes in the cytosol composition.
Zig-z.ag cristae dominate among the structural modifications in ischemic tissue even after six hours blocking
of the blood flow through the tissue, which reveals that
the conditions causing the structural modification remain
basically the same during such a long period of time. In
contrast, the transformation of the cristae into 30-45 nm
particles occurs rapidly when the ischemic tissue is reperfused with blood. The appearance of these two modifications of the crista structure therefore cannot be explained by time of exposure to one and the same pathological condition. Instead, the two modes of structural
perturbation correspond to two different pathological
conditions.
Because the structural breakdown of the cristae is
caused by changes of the composition of the cytosol, it
is concluded that reperfusion with blood changes the
cytosol composition beyond the changes imposed by
ischemia. It is then this additional change of cytosol
composition that causes the catastrophic effects of reperfusion of ischemic tissue with blood.
Zig-z.ag transformation of the cristae occurred in the
posterior wall of the left ventricle in experiments conducted by Beyersdorf et al. (1989a, b), in which the
blood flow through the left circumflex artery had been
reduced by a 50% stenosis, correspondingly reducing the
blood flow through the posterior wall of the left ventricle while a large transmural ischemic region was located in the anterior wall. Zig-z.ag cristae were also
present in the heart of dogs used for collection of blood
by slow bleeding and, as described above, in the posterior wall of the left ventricle without stenosis of the left
circumflex artery but with a large transmural ischemic
region in the anterior wall and within the ischemic
region.
The fact that the zig-z.ag transformation is structurally identical under all these conditions, shows that
the protein molecules with the same location in the cristae have been released. This uniformity points to a similar change of the cytosol composition during all four experimental conditions causing a zig-z.ag transformation
of the cristae. It is therefore justified to search for a
common cause of this structural perturbation.
Blocking the blood flow, a partial stenosis of the artery supplying blood to the tissue, and slow bleeding,
are all conditions that expose the heart muscle to a lowered oxygen tension, leading to anaerobic or partially
anaerobic glycolysis. The transformation of the cristae
into zig-z.ag cristae in the posterior wall of the left ven-

Conclusions
In addition to the clinical significance of the reviewed research, the observations are of considerable importance from a biochemical point of view. The long range
ordered structure of the cristae revealed by the zig-z.ag
transformation shows that the mitochondrial enzyme
molecules are arranged according to a particular ordered
pattern, made possible by the close association of the
molecules. This aggregated state has been referred to as
a biological solid state (Sjostrand, 1983, 1990b, 1991).
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For a two-phase approach, the first phase should involve the infusion of blood with the composition of the
plasma approaching that of normal cytosol, which means
high potassium and low sodium concentrations. Substrate for respiration should be added to the blood.
The infusion of blood with such an abnormal composition must in practice involve a small blood volume.
The success of reperfusion with blood modified according to Buckberg shows that the mitochondria can resume
producing ATP within a very short time when substrate
is made available, which agrees with the experience
from activating ATP production by isolated mitochondria
even when the mitochondria are structurally more perturbed by the isolation procedure or by aging than the
mitochondria in ischemic tissue. The first phase may
therefore involve infusion locally of a small volume of
blood with the composition of the plasma similar to that
of the cytosol.
During the second phase, the composition of the
blood should approach that of normal blood enriched
with substrate for respiration.

That a breaking up of the aggregated state leads to
an impairment of mitochondrial function makes it important to study the kinetics of long sequences of coupled
reactions catalyzed by complex multi-enzyme systems in
an aggregated state.
From a practical point of view, the reviewed research shows that the structure of mitochondria, as revealed in low denaturation embedded tissue, is a good
indicator of the viability of heart muscle cells and can
therefore be used for the evaluation of, for instance,
procedures for preserving excised hearts for transplantation. This is of particular importance because other criteria that are being used to determine the viability of
heart muscle tissue, such as ATP concentration and
staining with triphenyltetrazolium chloride erratically
showed that the tissue that recovered contractility after
six hours ischemia was dead (Rosenkranz et al., 1986;
Barnard et al., 1986). In fact, the analysis of the low
denaturation embedded tissue was the only approach that
contributed results correlating well with the observed
viability of the heart muscle tissue after six hours
ischemia.
The structural analysis at the molecular level led to
the conclusion that the Krebs cycle function was impaired by ischemia, establishing a rationale for supplying
substrate for respiration to the blood used for reperfusion of the ischemic tissue, the usefulness of which had
been shown empirically.
The catastrophic effects of reperfusing heart muscle
tissue with blood are explained as a consequence of an
extensive change of the cytosol composition, caused by
uncontrolled exchange of inorganic ions and other
solutes across the heart cell plasma membrane. In contrast, during ischemia caused by blocking the blood flow
through the tissue, the minute volume of the extracellular space protects the cells from such an extensive
change of cytosol composition, which, however, in this
situation is modified as a consequence of anaerobic
metabolism causing damage of the mitochondrial structure and impairment of mitochondrial function.
It is proposed theoretically that the reactivation of
the ischemic heart muscle tissue or of excised hearts
should proceed in two phases, one phase aimed at stimulating mitochondrial ATP production in order to reestablish plasma membrane permeability control and a second
phase aimed at reestablishing a normal distribution of
inorganic ions to make the ceils contract. The problem
is to carry out such a two-phase treatment in practice.
The modification of the composition of the blood
developed by Buckberg and used in the experiments of
the Buckberg team referred to in this review is intended
to satisfy the aims of both phases in a single phase reperfusion and the usefulness of this approach has been
well documented.

Concluding Remarks
That structural modifications are associated with
changes of the function is one basis on which the structure of pathologically modified tissues is analyzed. The
studies reviewed here offer examples supporting this relationship. If these studies had been carried out at an
earlier time, before a relationship between ischemia and
impairment of mitochondrial function had been made
likely on an empirical basis, the structural analysis
would have contributed importantly to guiding clinicians
facing the problem of, for instance, treating patients with
heart attacks, when the patient arrives late for treatment.
However, it appears that the reviewed work still can
contribute significantly to the problem of heart transplantation by eliminating misconceptions regarding the tolerance of the heart muscle tissue to ischemia.
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zymes and by conditions required for dissociation of
subunits of other types of enzyme molecules, as well as
for solubiliz.ation of enzymes present in an aggregated
state.
An ordered association of enzyme molecules is determined by the amino acid sequence conferring the necessary properties of the surface of the molecules. Those
properties cannot be acquired as a consequence of ischemia. This aspect was discussed in the original paper
(Sjostrand et al., 1988). No organized structure can be
seen in freeze-fractured cristae because: 1) the protein
molecules vary extensively both in size and shape excluding any simple crystalline order; 2) the protein molecules are closely aggregated as shown by the absence
of spaces separating the molecules; and 3) the bonds between the protein molecules are of the same nature as
the bonds between the polypeptide subunits of the individual enzyme molecules. There is therefore no distinct
difference in bonding that would force the fracture to
pass between molecules and not between subunits of
molecules. Any minute difference would furthermore be
washed out by the inter- and intramolecular crosslinking
with glutaraldehyde. This explains that the fracture face
shows a random distribution of polypeptides and of
groups of polypeptides and no indication of outlines of
individual enzyme molecules.
To see a periodic structure in the fracture face, it
would be required that in addition to the fracture face
exposing the protein molecules properly outlined, we
know the size and the shapes of the molecules in the respiratory chain and in the Krebs cycle well enough to be
able to identify them irrespective of their orientation!
This requirement is obviously not satisfied and it is
therefore unrealistic to expect a confirmation of the periodic structure of the cristae by studying freeze-fractured
mitochondria. It is very fortunate that ischemia leads to
a molecular dissection of the cristae, dissection having
always been a useful technique in morphology .
The antibody labelling technique is too crude to be
used in this case. For instance, the respiratory chain enzymes with the exception of cytochrome care large molecules with many subunits. The gold particles are located at some distance from the antigenic site and in the
case of large protein molecules the distance separating
the gold particle from the center of a large molecule
may be considerably longer. The precise location of the
enzyme to which the labelled antibody is bound is therefore not revealed.
Labelled antibodies against cytochrome oxidase have
been used and it has been shown that cytochrome oxidase is only located in the cristae. Let us consider that
we use labelled antibodies against cytochrome oxidase to
reveal a periodic arrangement of cytochrome oxidase
within the normal cristae.
The respiratory chain

Discussion with Reviewers
B. Afzelius: As I see it, the zig-z.ag pattern of the
ischemic mitochondria could either be due to a long
range ordered structure in the cristae existing already
before their transformation from the normal state, or
else be due to a reorganiz.ation of the mitochondrial proteins induced by ischemia. Your previously published
freeze-fracture data give no support one way or the
other. Are there other ways by which it would be possible to decide between the two alternatives? ImmunoEM with labelled antibodies for an electron transport
protein could perhaps be informative.
Author: This question is particularly valuable to the author because as shown by the reviewer, it reveals that
molecular aspects of the structure of cell organelles are
likely to be little known by the readers. I have therefore
included a description of factors that determine the association of protein molecules according to ordered patterns as revealed, for instance, by X-ray crystallographic
analysis of polypeptide subunit binding in oligomeric en1058
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enzymes are according to the zig-zag pattern distributed
over a region, the diameter of which is indicated by the
width of the base of the elevated regions, 52 nm. Most
respiratory chain enzymes are large enough to extend
across the entire crista membrane. The space occupied
by an elevated region can therefore accommodate only
5-7 respiratory chains. Five to seven cytochrome oxidase molecules are then available for antibody binding
within each elevated region, provided that they all expose their antigenic site at the surface of the section to
make the site available for antibody binding!
The distance separating the gold particles from the
antigenic sites is long enough to make it statistically
highly probable that gold particles will be located both
outside and within the elevated regions. The crudeness
of the labelled antibody technique therefore makes it impossible to determine in which of the two closely apposed crista membranes of each crista the antigenic site
is located. This is important because when superimposing the elevated regions in the two crista membranes, the
regions cover 60% of the crista area (Figure 10) and the
width of the space separating the superimposed regions
vary between 4 and 17 nm. Such a close arrangement
excludes any revealing of a periodic distribution of the
gold particles.
At the molecular level the deduction of the significance of the observed structure requires a knowledge of
the basic properties of protein molecules, of the laws
and rules according to which the protein molecules associate, and the nature of the forces imposing the association and stabilization of the molecular aggregates.
Such knowledge reduces the available alternatives when
interpreting the observed structure.

"deflected" ribbon is projected.

G.M. Roomans: It is well know from electron microprobe studies that massive calcium loading of mitochondria in ischemic tissue only occurs after reperfusion.
Post-mortem changes in cellular calcium content as such
are not so dramatic. After reperfusion, however, calcium precipitation may be so extensive that it may even be
evident in conventionally fixed (glutaraldehyde and osmium) tissue. Did you observe signs of massive calcium loading in your reperfused tissue? Were there any
differences with perfusion fluids with "intracellular" or
"extracellular" composition, respectively? Were there
any differences between preparation technique (low denaturation versus "conventional")?
Author: I have not considered this aspect because it requires the application of an analytical method to yield
meaningful information. The only possible location of
calcium accumulation after reperfusion with blood would
be the dark regions in state 5 crista breakdown.
S. Siew: Could you please give details of your low denaturation embedding technique?
Author: The low denaturation embedding technique has
been described in the following papers and reviews by
Sjostrand (1977, 1983, 1990b) and in Sjostrand et al.
(1986). The low denaturation embedding technique is
based on: 1) reducing to a minimum the exposure of the
tissue to conditions that denature the proteins; 2) on
stabilizing the conformation of the protein molecules by
brief crosslinking with glutaraldehyde under conditions
that minimize the risks for protein denaturation by glutaraldehyde; and 3) on eliminating extensive unfolding
of the polypeptide chains by using highly viscous media
for dehydration and embedding.
In the study of the heart muscle tissue, it was important to analyze somewhat larger pieces of tissue than
the ideal size. The tissue was crosslinked for 10-15
minutes by immersion in a 1 % freshly prepared glutaraldehyde solution in Tyrode's medium. Only purified
glutaraldehyde was used. After crosslinking, the tissue
was cut with a razor blade under a dissecting microscope
into pieces measuring only a few tenths of a millimeter
in size. When the size of the pieces of tissue is of no
importance, it is better to homogenize the crosslinked
tissue gently using an all glass Potter-Elvehjem homogenizer and turning the pestel slowly by hand. Very small
pieces of tissue are required for uniform dehydration of
the tissue within a minimum of time and for infiltration
of the tissue with the highly viscous embedding medium.
The tissue was dehydrated in ice cold 100% ethylene glycol for 10-15 minutes. After pelleting, using a
Beckman Microfuge centrifuge, the pellet was carefully
blotted with filter paper to remove as much as possible

B. Afzelius: Your Figure 8 shows several cristae making U-tums. They have four bends in the same direction
thus a zig-zag-zig-zig-zig-zig-zag pattern. Each bend is
a fourth of 180° or about 45° . The regular zig-zags can
similarly be interpreted as being due to a sheath that is
deflected with about 45° relative to the plane through the
crista. Your model in Figure 11 shows a straight crista
with bumps giving it a zig-zag conformation, rather than
one that is itself deflected into a zig-zag conformation.
Please comment.
Author: The U-tums are the consequence of a fusion
of the edges of adjacent cristae and involves parts of the
cristae which have not been transformed into a zig-zag
cristae. I do not understand what is meant by "itself
deflected into a zig-zag conformation". If "deflection"
means folding, this possibility has been discussed and
ruled out in the review. It is necessary to take into account that the image of a crista is a projection of a ribbon-shaped piece of the crista. Therefore "deflection"
should be considered to involve a ribbon and the way a
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of the ethylene glycol. The tissue was then transferred
to a drop of Vestopal at the bottom of a microfuge tube
and was mixed well with the Vestopal by stirring with a
toothpick.
After filling the centrifuge tube with
Vestopal, centrifugation in the Microfuge at cold room
temperature made the pieces float to the top. After redispersing the pieces by stirring, the centrifugation was
repeated until the pieces had been pelleted.
Because both ethylene glycol and Vestopal are very
viscous media, the infiltration of the tissue with Vestopal
is exceedingly slow. When tumbling the tissue in half
filled tubes the infiltration takes one to two weeks when
the tumbling allows the Vestopal to float back and forth
in the tube. Infiltration is speeded up when using the
centrifuge head designed by Sjostrand and Halma
(1978), which automatically turns the tubes 180° at regular intervals. Infiltration then takes 24-48 hours. For
solidifying Vestopal 0.6 % benzoin methyl ether should
be added as catalyst during the last 24 hours of
tumbling.

S. Siew: Please give details of the non-ionic sucrose
medium used for the preparation of mitochondrial
fractions .
Author: The medium we have used for isolation of
heart muscle mitochondria consists of 100 mM tris(hydroxymethyl)amino methane-HCI buffer, 300 mM sucrose, 10 mM Versene, and 1 % fatty acid free albumin.
The medium commonly used for isolation of liver mitochondria consists of 250 mM sucrose, which medium we
have used in our experiments on liver mitochondria.
Historically the isolation of functional mitochondria was
not successful until sucrose was used instead of inorganic ions to adjust the osmolality.
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